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This cannot be evaluated directly since no satisfactory method exists for the direct determination of the surface tensions of solids or of the inter facial tensions of solids against liquids. Young (1805) expressed the work of adhesion in terms of the horizontal components of the surface tensions as
WSL = vla(^ + cos & )>
where 6 is the contact angle measured in the liquid. For liquids which completely wet the solid, 0 -0 and W8L > 2vLA. For liquids of known surface tensions the work of adhesion could be found if there was a single value for the contact angle. In practice many discordant values for the same system have been recorded. In general, different values are obtained according to whether the liquid is advancing or receding over the surface. These differences have been described by Sulman (1920) and by Edser (1922) as 'hysteresis' effects. Pockels (1914), Bartell (1933) , Adam (1938) and others have suggested that they may be due to contamination of the solid or liquid surfaces. Ablett (1923), using the rotating cylinder machine method, obtained consistent values for the advancing and receding angles of water on paraffin wax and suggested the difference may be due to adsorption of water by the wax.
Generally, it is suggested that the correct contact angle is the mean of the advancing and receding angles and this is called the 'equilibrium contact angle'.
T h e o r e t ic a l

Equilibrium of a drojp on a tilted plate
Consider the equilibrium forces on a drop resting on an inclined plate (figure 1).
Since the drop is symmetrical about the lamina, at equilibrium the forces acting on it can be resolved along the plate in a direction parallel to the lamina.
Therefore
vdl cos dA = vdl cos dR -mg sin a = vdl cos 0R -Apgdl sin a, since m = Adlp, and v(cos 0R -cos dA) = Apg sin a,
or cos 0R -cos 0A = sin a,
where K x = v If 0A, 6r , A and a are measured and (cos 0^ -cos dA) plotted against A sin a, a straight line should result from whose slope the surface tension can be calculated. Advancing angle constant Consider the special case where the advancing angle may remain con stant on tilting the plate; (2) then becomes cos dR -K XA sin a + where K 2 = cos 6^(const.).
Here the curve of cos 0R against A sin a will be linear and cut the cos 0R axis at a point corresponding to K 2.
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Minimum receding angle
The receding angle of a drop resting on a plate diminishes as the plate is tilted. An angle of tilt may be obtained at which the drop begins to slide. If the receding angle at this point reaches a minimum and is a characteristic constant, then from (2) K x A sin a where K z -cos ^(min.). Further, if the advancing angle is constant at any angle of tilt or becomes constant before or at the angle of tilt at which the drop begins to slide, then (4) reduces to K sin a
where * 4 = cos 0fi(min.) -cos 6^(const.) P9lv
From (5), A is inversely proportional to sin a, where a is the value of the angle of tilt at which sliding first occurs. If A, 6^(const.) and a are measured, then 0fl(min.) can be calculated from the slope. (Hereinafter the sliding angle of tilt will be referred to as <x8.)
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The Validity of (2), (3) and (5) can be tested as follows: Equations (2) and (3) can be tested by using drops of any size, and (5) by the behaviour of a series of drops of different size. From (2), which includes the special case of (3), the surface tension of the liquid concerned should be calculable. From (5) the minimum receding angle should be calculable. E x p e r im e n t a l
Apparatus
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A drop of liquid was placed on the surface of a thin flat plate of the solid ( G, figure 2 ) and illuminated by a parallel beam cooled by the water trough (B).
The travelling microscope (D) had vertical and horizontal adjustments for the small corrections often required after tilting the stage. The micro scope eyepiece was removed and the image of the drop thrown on the screen ( E) by a 1-5 in. achromatic objective. The magnification was about 18 diameters. By placing a fine hair line, photographed on a glass slip, tangentially to the point of contact of the liquid and solid the angle of contact could be read off directly; the reproducibility was < 0*5°.
The solid surfaces were thin films on glass microscope slides mounted on the stage (F). This was covered with a close-fitting metal lid ( ) provided with two glass windows for illuminating the drop. The effect of tilting on the contact angles was studied by mounting the stage on large annular bearings operated by a worm gear (H) enabling the stage to be rotated through 90° on either side of the horizontal. The bearings were of sufficient diameter to accommodate the illuminating beam on one side and the microscope objective on the other. As the axis of rotation of the stage was collinear with the axis of the microscope, the image of a point object (contact of liquid and solid) focused on the cross-wires of the screen re mained stationary on tilting the stage. This makes for speed and con venience of measurement. The stage was supported on four spring-loaded screws so that the plane of the specimen could be raised or lowered into the axis of rotation, and provided with a rack and pinion (I) so that the drop could be traversed across the microscope field and both ends of the outline observed.
The whole apparatus, except for the lamp and screen, was mounted on a massive lithographic stone supported by four rubber bungs. This diminished vibration and restored the system rapidly after any disturbance.
The screen was prepared by photographing a scale on a half-plate and precipitating barium sulphate in the emulsion by alternate immersion in barium chloride and ammonium sulphate. This gave a sharper image, freer from colour, than ground glass. The screen was mounted in a metal frame which allowed it to be raised or lowered and tilted and the image on the screen was viewed through a magnifying lens.
Materials
The water used was distilled from alkaline permanganate into a pyrex apparatus from which, by a pressure device, drops of water from the interior of the bulk were ejected through a capillary tube drawn out to a fine jet, the tip of which was ground flat. The water was free from surface contamination for it gave reproducible contact angles on various surfaces over a period of many months.
The mercury was washed in dilute nitric acid and distilled twice in vacuo. The glass microslides were roughened with carborundum powder and after treatment with chromic acid cleaning mixture were washed with the water prepared as above and dried in an air oven. The criterion for the cleanliness of the slides was the zero contact angle obtained with water.
Solid surfaces
At the beginning difficulty was experienced in obtaining reproducible contact angles. This was traced to rough uneven films. Even, reproducible films were finally obtained by drawing a clean glass straight edge across the ground microscope slide which carried a thin film of the molten material.
Measurement of cross-sectional areas of drops
The drop image was thrown on squared paper placed against the screen and sufficient points marked off on its contour for the complete outline to be drawn later. The squares were counted and the area computed from the magnification of the optical system. Reproducible results were obtained for medium sized drops to <1 %. Where evaporation of the drop does not occur as in mercury, or is prevented as with water by humidifying the atmosphere of the drop, the cross-sectional area was found to remain sensibly constant on tilting the plate. In cases where the areas varied during the run, they were measured after each increment of tilt.
All the measurements described here were obtained in a room main tained at 18° C ± 2. The results quoted in 
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A sin a (cm.2 x 103) agreement with each other and the accepted values (table 2) . was independent of a for paraffin wax and so here equation (3) also applies. 
Partially evaporated drops
A water drop on a horizontal paraffin wax surface comes to rest with an angle of contact = ^(const.). On evaporation this angle decreases, the drop remaining symmetrical.
To find if appreciable evaporation affects the relationship established between (cos @ r -c os 6a )and A sin a, drops of water on para were evaporated until the contact angle was less than 6^(const.) = 111*5°. Figure 7 shows the composite curve for two drops whose initial angles decreased to 108° and 106° respectively. In accord with equation (2), the relationship is linear and independent of the initial advancing angle. The surface tension of water calculated from the slope (72*4+1*5 ergs/cm.2) agrees with the accepted value.
If a drop partly evaporates on a horizontal surface and is subsequently tilted, the initial contact angles alter. The angle of the lower edge increases while the hindmost angle approaches the value of the minimum receding angle (see later). At <x8, when the drop begins to move, it has the same advancing ( 0A const.) and receding (0R min.) angles of initially norma unevaporated drops at their respective values of aa.
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The advancing angle For systems where the advancing angle is constant independent of a), disturbing influences such as evaporation, vibration, etc. must be excluded to obtain reproducibility. § 0*12 A sin a (cm.* x 10s) F igure 7. P artially evaporated drops; w ater on paraffin wax.
OO initial 04=106*2°; A A initial 04 = 108*0°.
In The minimum receding contact angle Figure 8 shows the curves of A plotted against 1/sin as, using drops of different sizes, for the following systems:
(1) mercury on paraffin wax, (2) mercury on glass, (3) water on cetyl palmitate, (4) water on paraffin wax, (5) water on stearic acid.
The curve for mercury on cetyl palmitate is almost coincidental with that of paraffin wax and is therefore not shown. Figure 9 shows the corresponding curves for 0-2 n and 1*0n sodium hydroxide on paraffin wax.
For water on stearic acid 0A becomes constant before as is reached. For the other cases dA is independent of a.
As predicted by equation ( Discontinuities in the contraction of drops and the minimum receding angle. A direct observation of the minimum angle is obtained by the following method. A drop of water was placed on paraffin wax. It was observed that the contact angle decreased steadily on evaporation, without any diminu tion of the liquid/solid contact area, from its initial value of 111*5° to about 104° when the drop suddenly contracted and the contact angle rose to 110°. As evaporation proceeded this cycle was repeated many times, the contact angle at which contraction occurred diminishing with each cycle until it reached 96°, i.e. the value of the minimum receding angle (table 4). The drop then evaporated regularly without further change in the' contact angle, the liquid/solid contact area diminishing steadily.
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The contact angle at which a drop falls off. The receding angle can also be observed directly as the drop is actually moving as follows. A glass tube was plugged at one end with paraffin wax. Through a fine hole drilled in the wax water was allowed to drip slowly. At the outlet a drop gradually formed and spread across the wax surface and, when large enough, the edge of the drop receded over the surface as the drop became elongated and began to detach itself from the wax. It is difficult to measure accur ately the contact angle as the drop is nearly falling off but it lay between 95-100p, i.e. in agreement with the calculated value of 96°.
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D is c u s s io n (table 4) .
It may therefore be concluded that the theory advanced here is verified and that the prevailing conceptions of 'equilibrium contact angles' or 'stationary contact angles' are wrong. The so-called 'hysteresis' of the contact angles (i.e. difference between 0A and dR) is not due to variable frictional forces or sorption of liquid into cracks of the solid (Edser 1922). On the contrary, it can be stated that a liquid drop when # 0 exhibits two characteristic, constant and reproducible contact angles (const.) and 0B(min.). The theory and method described here could provide a useful addition to those at present available for measuring surface tensions. The accuracy could be improved by further refinements.
The relationships elucidated can only be established by scrupulous cleanliness and hold for all combinations of solids and liquids, if the following criteria are satisfied. The liquid and solid surfaces must be un contaminated by extraneous impurity and the liquid and solid must be mutually insoluble and not react chemically. In the case of mixed solids or liquids their constituents must also be undisturbed by solubility effects.
Confusion has been caused by failure to appreciate the results of cleansing experiments in previous work. Edser (1922) noted that glass covered with a greasy film gave finite contact angles and that a ' hysteresis ' was observed in the contact angle depending whether the liquid was advancing or receding. On removal of the grease by acid zero contact angle for water (i.e. complete wetting) was obtained. Similar effects were observed on galena, blende, etc. by Sulman (1920) and others. From this investi gators concluded that 'hysteresis' is due to lack of cleanliness or inhomo geneity of the surface. The true explanation in these cases is that the 'hysteresis' is due to advancing and receding angles characteristic of the greasy surface, i.e. of a surface only partially wetted, where # 0. Since a clean glass surface is completely wetted by water, $4 = 0 and hence the advancing and receding angles are equal.
Bartell and Wooley (1933) found that special cleaning of silica and pyrex gave approximately equal advancing and receding angles for a-bromnaphthalene. However, here the receding angles had very low values (5-0°) and so it appears that good cleaning resulted in complete (or almost complete) wetting and so d^-dR, both tending to zero. This is supported by their own observations that on the same surfaces when, as the result of less effective cleaning, dR was larger dA was always > dR.
Pockels (1914) found for a number of incompletely wetting liquids that 6a -dR on glass, pla'tinum, copper and zinc. It appears, however, she was probably not really observing receding angles. The advancing angles were measured on the spread drops and the receding angles obtained by spreading the liquid drops with a wire and then measuring dR after the drops contracted to equilibrium. Under these conditions any angle between 6a and dR is possible if the liquid is not actually moving or tending to move. Also her liquids had very low advancing angles, for example for benzene and carbon disulphide dA = 6° and 5-8° respectively, and the differences between dR and dA must have been small. Often no clear distinction has been made between the 'hystereses' ascribed to the difference between 0A and dR and the discordant results due to accidental contamination by an impurity. In the latter, if an impurity collects at the liquid/solid interface and WSL differs for the con taminated and uncontaminated interfaces, the contact angle 6 will alter. If the liquid/air interface is contaminated vLA will diminish and, even if WSL is unaffected, then 6 will change. In general impurities will affect vLS as well as vLA and so yield inconsistent contact angles. (An explanation for the difference between 0A and 0R is given la
Effect of chemical action on contact angle
The effect of chemical action, perhaps otherwise difficult to detect, is illustrated by the following experiment. The contact angles of a linseed oil drop, purified by molecular distillation,* were measured on zinc. The zinc was polished with emery, degreased with starch paste and after -* This sample was kindly supplied by Imperial Chemical Industries Ltd. wards with 2 % caustic soda solution and finally with a solution of alum in nitric acid (a lithographic preparing solution). The contact angle was found to change as follows:
After 5 min. 6 = 12°.
After 2 hr. = 3-5°. After 10 min. 0 = 9-5°. After 3 hr. < 2*5°.
The drop was left overnight and on removal a faint white deposit was observed.
Similar slow chemical or solubility effects may account for the dis crepancies obtained by other investigators.
Reversibility
The change of contact angles with a is reversible. Thus for a mercury drop on paraffin wax a single linear curve of (cos 0R -cos 0A) against A sin a is obtained from measurements taken when the plate is tilted forward and backward in any order. The surface tension of mercury calculated from the slope is 465 ±15 ergs/cm.
The significance of advancing and receding angles
Another explanation advanced for the difference between 0A and is that the adhesion of a liquid drop is different for the unwetted and wetted surfaces and therefore 0A, measured at the edge moving over unwetted solid, is > 6r , measured at the hindmost edge of the drop and thus moving over a portion of the surface already wetted by the liquid. This follows for cos 0R > cos 0A if the adhesion of the liquid for wetted solid > unwetted solid (Young-Dupre).
To find if 0R is merely characteristic of a previously wetted surface the following experiments were carried out.
A. A paraffin waxed slide was soaked in water and then quickly transferred to the highly humidified apparatus. A drop of water on the plate gave contact angles of 111-0° (for a clean, dry wax surface ^(const.) = 111-5°).
B. Large drops of water were placed on a waxed surface for different periods and when removed were quickly replaced within the same area by much smaller drops. The paraffin wax surface was maintained throughout at a very high humidity. The results obtained were as follows: A more precise explanation for the difference between dA and dR when a liquid adheres to a solid (i.e. dA > 0) is the following.
For equilibrium
v8L + vLA cos 0A -vSA = 0.
If adhesion involves an adsorbed, orientated uni-layer of liquid mole cules on the solid surface, then work will be done in forming this layer and (6) will be modified to
where -w is the work gained in forming the adsorbed layer. Similarly for the liquid receding (contact angle 0R) the work gained will be + w, and G. Macdougall and C. Ockrent vSL + vl a cos 0R -v SA + w = 0. (8) vLA ( 
From (7) and
In table 4, -wi s given for a number of systems (expressed positiv work done). As might be expected, paraffin wax and cetyl palmitate have nearly the same value for w which increases considerably for polar solid surfaces both for water and mercury.
When ^(m in.) = 0°, i.e. where the liquid moves over the solid leaving a film behind, w is indeterminate.
In table 4 (last column) w has been expressed (as H) in gcal./gmol. where possible to enable comparison with the heats of adsorption of similar types of systems from vapour solid studies. In the calculations a number of simplifying assumptions are made, e.g. the molecules are assumed to be perfect spheres, mercury to be monatomic and the density in the inter facial layer to be the same as in the liquid. The assumptions are valid if we are only concerned with the order of magnitude. For water the radius of the area occupied by the molecule in the interfacial layer is thus 2-4 A. This value is close to that of 2*2 A calculated by Bernal and Fowler (1933).
H varies from about 145 to 538 gcal./gmol. for water and from 483 to 1134 for mercury. The values for sodium hydroxide solutions on paraffin wax are calculated assuming that the interfacial layer contains only water; this is largely true if sodium hydroxide is negatively adsorbed at the liquid/wax interface as it is at the liquid/air interface. On this assumption, as might be expected, the values for 0-2n and 1-0n sodium hydroxide solutions are about the same as for pure water on the same surface (paraffin wax). The results for water on paraffin wax and cetyl palmitate are nearly the same. This is expected since the surfaces of paraffin wax and cetyl palmitate will be similar, for the latter's ester group lies between two long hydrocarbon chains; similarly for mercury on paraffin wax and cetyl palmitate.
The values obtained are of the order of van der Waals' forces, the lower ones are associated with non-polar surfaces (paraffin wax, cetyl palmitate), giving only hydrocarbon chains at the surfaces; the higher values are associated with polar surfaces (stearic acid and glass). No results can be calculated for the linseed oil/solid systems for the oil is a mixture of unknown molecular dimensions.
All the results obtained show that the forces involved in the difference between 6^ (const.) and ^(m in.) are those corresponding to physical adsorption. A scrutiny of the surfaces for which dA is constant and those for which 0A changes with a reveals an important difference. Whereas the former are relatively non-polar surfaces (paraffin wax, cetyl palmitate*) or composed of close-knit polar molecules (glass), the latter are polar surfaces of long chain compounds with polar heads and long hydrocarbon tails (stearic acid, tristearin, cetyl alcohol) or compounds whose polar groups are separated by hydrocarbon type groupings (gum arabic, manucol). This suggests the following explanation for the cases where 0A varies with a. Generally the polar heads (COOH, OH, ester, etc.) will be more readily wetted by water, mercury, linseed oil, etc., than the non-polar portions of the molecule. If there are relatively few polar groups jutting out of the solid surface, then a liquid drop placed on the surface may, as a result of the forceful action of laying down, 'splash' before taking up its normal * As previously indicated cetyl palmitate is composed of two long hydrocarbon chains joined by an intermediate ester group and its surface properties therefore resemble paraffin wax.
The variable advancing angle and the constant advancing angle
Surface energy relations in liquid/solid systems 169 configuration and thus, on spreading or contraction, adhere to a larger number of polar heads than is justified by the average distribution of the polar groups on the surface. Since the adhesion for the polar groups is stronger a non-equilibrium 'pseudo' advancing angle 6% may result < 6^(const.), the advancing angle really representative of the average surface configuration. This follows since W8L (for 6^) > WSL (for dA const.). Now 0% represents a thermodynamically more stable state than (const.), therefore the advancing angle will not change (i.e. increase) to the normal value of 6^(const.) unless energy is put into the system. However, on tilting, the drop can take up gravitational potential energy. This 'energy input ' cannot be simply equated to the different energy states represented by 6% and 6^(const.), for the former will be inconstant and depend upon the degree of ' splashing ' when the drop is put on the plate. Table 6 shows that for any given system 6% can have many values as might be expected from the above hypothesis. However these variations in the advancing angle do not invalidate the linear relation of (cos 6R -cos dA) and A sin a predicted by equation (2), for this involves only the difference of the contact angles at any angle of tilt. t is of interest (table 7) that the differences between the lowest value of 0% observed and 0A(const.) is greater for those surfaces whose polar groups are attached to long hydrocarbon tails (stearic acid, cetyl alcohol, tristearin) than it is for the surfaces whose polar groups are separated by short chains (manucol, gum arabic). This is to be expected on the 'splash' hypothesis for the latter will be more closely knit.
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T a b l e 7. Co m pa r iso n b e t w e e n l o w e s t a n d 6^(const.) Table 8 shows this is the case for three representative films. All the monofilms do not give the same value of ^(const.) and they also give a slightly low value for the surface tension of water (69 + 1*5 ergs/cm.2). This is probably because the surfaces may easily become slightly contaminated by the rather crude 'rubbing down' process to which they are subjected.
T a b l e 8. W a t e r on f e r r ic ste a r a t e m o n o film
ontact angles on built-up layers of monofilms Langmuir (1938) found that the advancing and receding angles of a water drop on monolayers or built-up monolayers differ on tilting. An S layer of oleic acid on glass or a Bl ayer of stearic acid on chromi brass gave initial contact angles of 55°; on tilting 0A rose to about 90° and 0R was about 40°. For a water drop on a barium stearate Y film (hydrocarbon tails sticking out) 6 initial was 90°, but on tilting the plate until the drop began to move and then arresting this movement by backward rotation, the contact angles became 0A = 110° and 0R = 82°. .From these, and other observations, Langmuir postulates that 'hysteresis' in the advancing and receding angles is due to overturning and re-orientation of the film molecules due to the attraction of their polar groups by water, and asserts that this is strong evidence for the existence of this overturning and re-orientation. Thus 0A and 0R differ because the advancing edge of the drop moves on to a surface having few hydrophilic groups, while the receding edge peels back from a surface containing many hydro philic groups arising from overturning and re-orientation by the attraction of the water drop for the film molecules right underneath it.
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This is clearly not a general explanation for the difference between ^ and 0R since this also occurs for non-polar solids like paraffin wax (no hydrophilic groups). Further, the phenomenon is partially reversible on rotating backwards again, i.e. 0R (hindmost edge) increases again although the plate is still inclined to the horizontal. On Langmuir's hypothesis this should be because the drop is tending to move backwards on to a surface with fewer hydrophilic groups. However, since the drop is still inclined to the horizontal, the hypothesis can hardly be true, for this implies that the drop is capable of moving upwards over a surface containing fewer hydro philic groups and therefore for which the adhesion is weaker. The essential distinction between Langmuir's explanation for the difference in dA and 0R and that advanced here is that the former postulates a re-orientation of the polar molecules of the surface layer of the film (and therefore cannot apply to non-polar surfaces), whereas the latter suggests that the difference is due to the peeling off of an adsorbed layer of the liquid drop at the liquid/film boundary. Table 8 shows, for water on ferric stearate monofilm, 0A is independent of a, i.e. 0A -6^(const.); while on Langmuir's films the initial 0A corre sponds to 62 -This may be explained if the vigorous rubbing down proc anchors the ferric stearate monofilm more firmly and less randomly to the slide than is the case with Langmuir's films.* If this is the case the 'splash' hypothesis accounts for the variations of 0A with a on Langmuir's films.
Langmuir, Schaefer and Sobotka (1937) and Langmuir and Schaefer 0937) employ static contact angle methods to elucidate the surface struc ture of built-up monofilm layers. They have also investigated qualitatively the angles of tilt at which drops of liquid fall off these surfaces. More valuable data may be obtained about these surfaces if the differences between 0A and 0R of suitable liquids were determined in the sense described here.
Bikerman (1939) suggested that on a hydrophobic multifilm surface the following relation holds:
Wt an a = liquid on the surface and a is «the angle of inclination of the plate at which the drop slides off. In fact only for large values of W is 1 approximately linear against tan a. For water drops on paraffin wax, Wtan a is a minimum when W is approximately 0*00049 g. Still smaller drops adhere to a vertical surface so W tan a can rise to infinity. Linearity therefore only applies over a limited range.
